INTRODUCTION
============

The use of bone morphogenetic proteins (BMPs) for repair of large bone defects is one of the few protein-based tissue engineering strategies that are currently in widespread clinical use. Delivery of exogenous BMPs has been shown to stimulate cellular pathways responsible for osteogenesis and to promote bone formation in both animals and humans ([@R1]--[@R3]). The use of clinical products containing recombinant human BMP-2 rose sharply after their introduction into the health care market in 2002, with BMP-2 use accounting for 25% of all spinal fusion surgeries by 2006 ([@R4], [@R5]). Since then, both on-label and off-label applications of BMP-2 have increased, with off-label applications estimated to account for 85% of principle procedures ([@R5]).

Despite its efficacy in inducing bone formation, clinical BMP-2 delivery has also been associated with numerous complications, including soft tissue inflammation and abnormal (heterotopic) ossification, in as many as 28% of patients treated with BMP-2 for off-label spinal applications ([@R6], [@R7]). These complications are believed to be caused by the supraphysiological doses of BMP-2 that must be used in humans for effective treatment to overcome the short half-life and rapid clearance of the protein in vivo (\~6.7 min) ([@R8]). Clinical doses of BMP-2 typically range from 0.1 to 0.5 mg BMP-2/kg body weight, although off-label use of doses as high as 1 mg BMP-2/kg body weight has also been reported ([@R7], [@R9]).

Given the rapid clearance of BMP-2 from the body, clinical BMP-2 delivery commonly involves adsorption to a collagen sponge scaffold to localize the protein to the bone defect site ([@R10], [@R11]). However, numerous studies have demonstrated that the collagen sponge does not have specific affinity for BMP-2, has no positive impact on its bioactivity, cannot effectively retain the protein within its matrix (\<10%), and may even inhibit fracture healing when delivered without BMP-2 ([@R11]--[@R14]). Consequently, substantial research has focused on developing more suitable biomaterials to improve BMP-2 stability and retention in vivo.

Hydrogels have been investigated extensively for BMP-2 delivery due to their injectability, amenability to chemical modification to tune material degradation and protein release, and capacity for cell and macromolecule infiltration ([@R15]). BMP-2 has been immobilized onto fibrin ([@R13]), polyethylene glycol ([@R16]), collagen/gelatin ([@R17]), hyaluronic acid ([@R12]), and alginate ([@R18]) using covalent tethering strategies or nonspecific, electrostatic interactions. However, covalent tethering often requires chemical modification of the protein itself, which may result in decreased bioactivity ([@R19], [@R20]), while weak, electrostatic interactions can be easily disrupted in the protein-rich in vivo injury environment ([@R21]).

BMP-2 delivery can be more precisely controlled by incorporating natural or synthetic BMP-2--binding ligands into the polymer matrix and relying on affinity interactions to control the rate of protein release. Heparin, a naturally occurring glycosaminoglycan with strong affinity for BMP-2 \[*K~d~* (dissociation constant) = 20 nM\] ([@R1]), as well as heparin derivatives, has been incorporated into biomaterials to prolong BMP-2 release in vitro and in vivo ([@R13], [@R22]--[@R25]) and has the added benefit of enhancing BMP-2 bioactivity ([@R26], [@R27]). Similarly, heparin-binding peptides have been used in delivery systems to sequester endogenous heparin and leverage BMP-2--heparin binding ([@R28], [@R29]). Synthetic binding ligands have also been designed to mimic interactions between BMP-2 and extracellular matrix molecules such as fibrin and fibronectin and have exhibited superior BMP-2 binding and controlled delivery in vivo ([@R30], [@R31]). While affinity-controlled release systems for BMP-2 have the potential to improve BMP-2 localization in vivo compared with the clinical collagen sponge, the difficulty of tuning interactions between BMP-2 and its biomimetic ligands may hinder precise growth factor delivery. For example, although incorporating an excess amount of heparin-based microparticles into a hydrogel delivery vehicle decreased BMP-2 release into the surrounding soft tissue, this strategy also inhibited bone formation ([@R32]). These results highlight the challenge of titrating affinity interactions between BMP-2 and its binding partners.

We have developed microparticles made entirely of cross-linked heparin methacrylamide, which enable high-density growth factor sequestration. These heparin microparticles (HMPs) bind \>1000 times more BMP-2 than other previously reported heparin materials (\~300 μg BMP-2/mg HMPs) and enhance the potency and half-life of bound BMP-2 beyond that of soluble heparin by facilitating efficient, local growth factor--cell interactions ([@R23], [@R32]). The extremely high BMP-2--binding capacity of HMPs makes them an ideal delivery vehicle for the supraphysiological BMP-2 doses required in the clinic.

In this study, we investigated the efficacy of a composite biomaterial vehicle for sustained BMP-2 delivery to a critically sized femoral defect, in which different amounts of HMPs were incorporated into an alginate hydrogel surrounded by a perforated poly(caprolactone) (PCL) nanofiber mesh. A slow-degrading, PCL nanofiber mesh was used to contain the alginate hydrogel within the defect space during the time frame of bone formation while facilitating robust early cell and tissue infiltration through the mesh pores ([@R18]). Arginine-glycine-aspartic acid (RGD)--functionalized, calcium--cross-linked alginate was chosen as the vehicle for HMP and BMP-2 delivery, as it enables cell attachment and infiltration, can be degraded hydrolytically, can enhance growth factor activity through transient electrostatic interactions, and has been shown to promote bone formation when loaded with BMP-2 ([@R18], [@R33]--[@R35]). The ability to cross-link alginate hydrogels with varying amounts of BMP-2--laden HMPs provides the opportunity to easily tune the density of spatial BMP-2 presentation and effective BMP-2 release into the surrounding tissue. Given the challenge of determining the most important parameters affecting BMP-2 release and the most relevant HMP concentrations for in vivo investigation, a computational model was developed to predict the effects of HMP incorporation and other material properties on BMP-2 release.

We used a clinically relevant rodent model, in which high doses of BMP-2 (0.12 mg BMP-2/kg body weight) were delivered to a critically sized, load-bearing bone, and in which characteristic heterotopic ossification has been observed using both alginate and collagen sponge delivery vehicles ([@R21], [@R36]). We hypothesized that HMPs could be used to dose-dependently localize BMP-2 release within the defect site and improve the spatial distribution of bone formation following treatment with high doses of BMP-2.

RESULTS
=======

HMPs maintain BMP-2 bioactivity
-------------------------------

To test the reproducibility and functionality of HMP fabrication, 10 batches of HMPs fabricated by free radical cross-linking of six batches of heparin methacrylamide were evaluated for their ability to bind bioactive BMP-2 ([Fig. 1](#F1){ref-type="fig"} and fig. S1). HMP morphology was similar between batches (fig. S1A), and each batch of HMPs depleted \~70 to 85% of the added BMP-2 (fig. S1B). BMP-2--loaded HMPs induced alkaline phosphatase (ALP) activity in C2C12 cells, demonstrating bioactivity (fig. S1C); all but one of the BMP-2--loaded HMP batches stimulated similar or greater ALP activity compared with soluble BMP-2 treatment. BMP-2--loaded HMPs also increased C2C12 DNA content compared with soluble BMP-2 treatment (fig. S1D), as previously observed ([@R23]).

![Fabrication and morphogen loading of HMPs.\
HMPs were fabricated from heparin methacrylamide using the free radical initiators ammonium persulfate (APS) and *N*,*N*,*N*′,*N*′-tetramethylethane-1,2-diamine (TEMED) in a water-in-oil emulsion at 55°C. BMP-2 was loaded onto HMPs by incubating BMP-2 and HMPs together at 4°C for 16 hours. BMP-2 binds to the sulfate groups on heparin.](aay1240-F1){#F1}

HMPs are predicted to increase BMP-2 retention in silico
--------------------------------------------------------

Varying the number of HMPs delivered, and hence the number of BMP-2 binding sites, was expected to alter the release of BMP-2 from the defect site. Thus, a computational model was developed using COMSOL Multiphysics Software to predict BMP-2 release from alginate/PCL constructs containing different amounts of HMPs and 30 μg of BMP-2 ([Fig. 2](#F2){ref-type="fig"}). A sensitivity analysis was run on several key parameters used in the COMSOL model, including the dissociation constant of BMP-2 binding to HMPs (*K~d~*), BMP-2 diffusion coefficient through tissue (*D~BMP,\ Tissue~*), and BMP-2 diffusion coefficient through alginate (*D~BMP,\ Alginate~*) ([Fig. 2A](#F2){ref-type="fig"}). *K~d~*, *D~BMP,\ Tissue~*, and *D~BMP,\ Alginate~* were varied by ±2.5 to 10 times their original values, and BMP-2 release into surrounding tissue was changed from 13% to 4--35%, 5--29%, and 12--13%, respectively ([Fig. 2B](#F2){ref-type="fig"}). Thus, overall BMP-2 release was expected to be governed primarily by the dissociation kinetics of BMP-2 from HMPs and the diffusion of BMP-2 through the surrounding tissue. The results of the COMSOL model motivated us to vary the number of HMPs in the construct by orders of magnitude (e.g., 0, 0.01, 0.1, and 1 mg) instead of targeting other less influential parameters (i.e., BMP-2 diffusion coefficient through the hydrogel) to modulate BMP-2 release.

![In silico assessment of BMP-2 release from alginate/PCL tissue-engineered constructs.\
(**A**) BMP-2 unbinds from HMPs at a rate of *k*~off~, rebinds to HMPs at a rate of *k*~on~, and diffuses through the alginate hydrogel and surrounding tissue at diffusion rates of *D~BMP,\ Alginate~* and *D~BMP,\ Tissue~*, respectively. (**B**) Heat map depicting the sensitivity of BMP-2 release into surrounding tissue to ±2.5-, 5-, and 10-fold changes in key parameter values. (**C**) Three-dimensional representations of BMP-2 release from tissue-engineered constructs into surrounding soft tissue at 14 days after injury. (**D**) Volume fraction analysis of BMP-2 in alginate hydrogel (red line), in surrounding tissue (blue line), and bound to HMPs (green line). Treatment groups are as follows: (**i**) 30 μg of BMP-2 + 1 mg of HMPs in alginate, (**ii**) 30 μg of BMP-2 + 0.1 of mg HMPs in alginate, (**iii**) 30 μg of BMP-2 + 0.01 mg of HMPs in alginate, and (**iv**) 30 μg of BMP-2 in alginate.](aay1240-F2){#F2}

Visual representations of predicted BMP-2 release in the femur at 14 days after injury ([Fig. 2C](#F2){ref-type="fig"}), as well as volume fraction analyses of BMP-2 in the alginate, HMPs, and tissue over time ([Fig. 2D](#F2){ref-type="fig"}), depict attenuated BMP-2 release in the presence of increasing amounts of HMPs. In the absence of HMPs, 87% of the BMP-2 delivered in the tissue-engineered construct was predicted to be released into the surrounding tissue over 14 days ([Fig. 2, C and D](#F2){ref-type="fig"}, iv). Conversely, when BMP-2 delivery was simulated using 1 mg of HMPs, \>99% of the BMP-2 was predicted to remain bound to the HMPs after 14 days, with only 0.3% (90 ng) of the BMP-2 entering the surrounding tissue ([Fig. 2, C and D](#F2){ref-type="fig"}, i). This was likely due to the large excess of HMP binding sites compared with BMP-2 molecules (7.0 × 10^15^ sites and 6.96 × 10^14^ BMP-2 molecules) and strong affinity between BMP-2 and HMPs (*K~d~* = 50 nM).

When the number of HMPs in the system was reduced 10-fold to 0.1 mg, yielding similar numbers of BMP-2 binding sites and BMP-2 molecules (7.0 × 10^14^ sites and 6.96 × 10^14^ molecules), the predicted amount of BMP-2 leaving the construct over 14 days increased to 15% ([Fig. 2, C and D](#F2){ref-type="fig"}, ii). However, a further 10-fold reduction in the amount of HMPs to 0.01 mg resulted in fewer HMP binding sites than BMP-2 molecules (7.0 × 10^13^ sites and 6.96 × 10^14^ molecules), and subsequently, the majority of the BMP-2 delivered was predicted to exit the construct (78%), with only 9% remaining bound to the HMPs ([Fig. 2, C and D](#F2){ref-type="fig"}, iii). Thus, delivering 30 μg of BMP-2 using 0.1 to 1 mg of HMPs within the alginate/PCL constructs was predicted to improve BMP-2 localization within the bone defect site and chosen for subsequent in vivo studies.

HMPs increase BMP-2 retention in vivo
-------------------------------------

Subcutaneously implanted constructs containing HMPs (0.1 or 1 mg) and BMP-2 (2.5 μg) labeled with a near-infrared fluorophore (VivoTag 750) were imaged to evaluate BMP-2 retention in the constructs over 21 days ([Fig. 3, A to D](#F3){ref-type="fig"}). When fluorescent signal was normalized to day 0 values and fit to an exponential decay curve ([Fig. 3E](#F3){ref-type="fig"}), constructs containing 1 mg of HMPs exhibited a lower average decay constant than constructs without HMPs, indicating prolonged BMP-2 retention ([Fig. 3F](#F3){ref-type="fig"}). After 21 days in vivo, all constructs exhibited similar BMP-2 retention (16 to 23%). However, when constructs were explanted and imaged ex vivo, the final radiant efficiency measured in constructs containing 1 mg of HMPs was 15% higher than that of constructs containing 0.1 mg of HMPs and 20% higher than that of constructs lacking HMPs ([Fig. 3G](#F3){ref-type="fig"}).

![In vivo tracking of BMP-2 released from alginate/PCL tissue-engineered constructs.\
(**A** to **D**) Longitudinal IVIS images of subcutaneously implanted constructs containing 2.5 μg of fluorescently labeled BMP-2 loaded onto 0.1 or 1 mg of HMPs at (A) day 0, (B) day 1, (C) day 4, and (D) day 7. (**E**) Quantification of fluorescence within implantation sites and fit to one-phase exponential decay curves (*R*^2^ = 0.88 for BMP-2, *R*^2^ = 0.78 for BMP-2 + 0.1 mg of HMPs, and *R*^2^ = 0.68 for BMP-2 + 1 mg of HMPs.) (**F**) Decay constants obtained from BMP-2 retention curves (\**P* \< 0.05 as indicated). (**G**) Radiant efficiency of constructs explanted after 21 days (*n* = 7 to 8; \**P* \< 0.05 as indicated).](aay1240-F3){#F3}

HMPs improve spatial distribution of bone formation in bone defects
-------------------------------------------------------------------

Eight-millimeter critically sized femoral defects were treated with hydrogels containing (i) 30 μg of BMP-2 without HMPs, (ii) 30 μg of BMP-2 loaded onto 0.1 mg of HMPs, or (iii) 30 μg of BMP-2 loaded onto 1 mg of HMPs. Longitudinal radiographs revealed progressive bone formation in and around the bone defect in all groups ([Fig. 4](#F4){ref-type="fig"}). Bony bridging was achieved in almost all femurs after 12 weeks (BMP-2: 12 of 14 defects; BMP-2 + 0.1 mg of HMPs: 12 of 13 defects; BMP-2 + 1 mg of HMPs: 13 of 14 defects). Constructs containing BMP-2 alone induced variable bone formation in and around the defect space, and thus, two sets of radiographs representative of the range of heterotopic ossification observed have been included.

![Representative radiographs and micro-CT reconstructions of femoral defects treated with alginate/PCL tissue-engineered constructs.\
Constructs contained 30 μg of BMP-2, 30 μg of BMP-2 + 0.1 mg of HMPs, or 30 μg of BMP-2 + 1 mg of HMPs. Radiographs were taken at 4, 8, and 12 weeks. White arrows indicate heterotopic ossification. Mineral density evaluated by micro-CT at 12 weeks is depicted in sagittal sections.](aay1240-F4){#F4}

Micro--computed tomography (micro-CT) scans, segmented as shown in [Fig. 5A](#F5){ref-type="fig"}, provided quantification of total bone volume ([Fig. 5B](#F5){ref-type="fig"}), heterotopic bone volume ([Fig. 5C](#F5){ref-type="fig"}), and defect bone volume ([Fig. 5D](#F5){ref-type="fig"}) over time. The PCL nanofiber mesh (6-mm diameter), slightly larger than the diameter of the exposed bone ends, was used to demarcate the boundary between defect and heterotopic bone ([Fig. 5A](#F5){ref-type="fig"}). In femurs treated with BMP-2 alone, 65.8 ± 5.3% of the total bone volume was located outside of the defect space 4 weeks after surgery, whereas this amount was decreased to 39.4 ± 5.9% and 44.8 ± 7.9% with treatment with 0.1 mg and 1 mg of HMPs, respectively. At the end of the study, femurs treated with BMP-2 alone still displayed almost twice as much heterotopic bone than femurs treated with BMP-2--loaded HMPs. Despite differences observed in the spatial distribution of mineralization between femoral defects treated with BMP-2 or BMP-2--loaded HMPs, no differences were observed in either mineral density (fig. S2) or biomechanical properties, including torsional stiffness ([Fig. 5E](#F5){ref-type="fig"}) and maximum torque ([Fig. 5F](#F5){ref-type="fig"}).

![Quantification of bone volume and biomechanical properties of femoral defects treated with alginate/PCL tissue-engineered constructs.\
(**A**) Representative micro-CT slice demonstrating that bone volume was divided into defect volume and heterotopic volume based on 6-mm circular contours defined by the PCL nanofiber mesh. (**B**) Total bone volume at 4, 8, and 12 weeks was divided into (**C**) percentage of heterotopic bone volume and (**D**) percentage of defect bone volume (*n* = 13 to 14; \**P* \< 0.05 as indicated). Excised femurs underwent torsion testing at 12 weeks after injury to calculate (**E**) stiffness and (**F**) maximum torque of regenerated bone. Mechanical properties were compared to that of intact femurs (*n* = 9 to 10).](aay1240-F5){#F5}

Bone morphology in HMP-treated bone defects is similar to BMP-2 treatment alone
-------------------------------------------------------------------------------

Histological sections from femurs isolated 12 weeks after injury were stained with hematoxylin and eosin (H&E), Safranin O/Gill's hematoxylin, or Safranin O/Fast Green ([Fig. 6](#F6){ref-type="fig"}). HMPs were stained red with Safranin O or purple with H&E. HMPs were visible and well distributed in all HMP-treated defects after 12 weeks. Safranin O/Fast Green-- and H&E-stained sections from all groups demonstrated similar bone morphology (green in Safranin O/Fast Green and pink in H&E) and areas of residual alginate (orange in Safranin O/Fast Green and purple in H&E). Overall, residual alginate and HMPs appeared to be integrated into larger areas of mineralized tissue.

![Femoral bone defect histology at 12 weeks after injury.\
Femurs were decalcified, paraffin processed, sectioned, and stained with Safranin O/Gill's hematoxylin, Safranin O/Fast Green, or H&E. Black and yellow arrows indicate HMPs.](aay1240-F6){#F6}

DISCUSSION
==========

Although robust bone regeneration has been achieved in animal models using a variety of BMP-2 delivery vehicles, these results cannot easily be translated to humans due to the dramatically higher BMP-2 doses required to induce bone repair in humans (0.1 to 1 mg BMP-2/kg body weight) ([@R7], [@R9])\] and do not recapitulate the heterotopic ossification and soft tissue inflammation that are potential consequences of clinical BMP-2 delivery. In addition, challenging conditions typically associated with chronic fracture nonunion in humans cannot easily be treated with low doses of BMP-2 ([@R37]). The 8-mm rat femoral defect described here exhibits consistent bony bridging following treatment with low BMP-2 doses (0.01 to 0.02 mg BMP-2/kg body weight) delivered within an alginate hydrogel ([@R18], [@R35]). At these low BMP-2 doses, heterotopic ossification and soft tissue inflammation are rare, and therefore, new BMP-2 delivery vehicles have not been developed to address these side effects.

In this study, we leveraged the strong affinity interactions between heparin and BMP-2 to improve sustained delivery of high doses of BMP-2 to a critically sized femoral defect while mitigating heterotopic ossification typically caused by rapid BMP-2 release. Computational modeling of in vivo BMP-2 transport was used to identify parameters that had the largest impact on BMP-2 release in our system and predict doses of HMPs that could modulate BMP-2 release into the surrounding soft tissue. In vivo tracking of BMP-2 release from subcutaneously implanted tissue-engineered constructs revealed prolonged BMP-2 retention in constructs containing HMPs, validating our approach. Femoral defects treated with high BMP-2 doses (0.12 mg BMP-2/kg body weight) loaded onto HMPs exhibited robust local bone formation and low heterotopic ossification, with no negative impacts on bone morphology or biomechanics, demonstrating that HMPs may be used to improve clinically relevant BMP-2 delivery.

Effective BMP-2 delivery for bone repair requires a balance of growth factor release and retention, such that released BMP-2 can act as a chemoattractant to surrounding cells ([@R38]), and retained BMP-2 can promote bone formation within the defect ([@R39]). While many delivery vehicles, such as collagen and alginate, provide poor control over BMP-2 localization in vivo, HMPs demonstrate robust BMP-2 binding in vitro, releasing \<10% of the loaded protein ([@R23]) and prolonging BMP-2 bioactivity ([@R32]). HMP-mediated localization of low doses of BMP-2 (0.01 mg BMP-2/kg body weight) within the bone defect site was previously shown to decrease bone volume compared with alginate delivery of BMP-2 ([@R32]), suggesting that adequate BMP-2 release was not achieved. Given the marked effect of HMPs on BMP-2 retention in vivo, we sought to explore the use of HMPs for localizing high BMP-2 doses and subsequent bone formation in vivo.

Since the effect of HMPs on BMP-2 release in vivo has previously only been investigated at a single dose (2.5 μg of BMP-2 and 1 mg of HMPs), the effect of HMPs on the delivery of high BMP-2 doses was initially explored in silico. HMPs were predicted to dose-dependently increase BMP-2 retention in the defect, with ≥0.1 mg of HMPs drastically changing the release profile into surrounding tissue compared with delivery in alginate alone, and thus warranting in vivo investigation. Delivery of 5 μg of BMP-2 in alginate has previously exhibited robust bone formation in this animal model, suggesting that its release profile promotes cell infiltration and subsequent mineralization ([@R35], [@R40]); delivery of 30 μg of BMP-2 using 0.1 mg of HMPs was predicted to result in high BMP-2 retention and similar BMP-2 release into the surrounding tissue after 14 days (\~4 μg).

We demonstrated that BMP-2 release could be tuned in vivo using HMPs, with increasing HMP amounts decreasing the decay constant of protein release. However, only alginate/PCL constructs containing 1 mg of HMPs demonstrated a significantly lower rate of BMP-2 release compared with constructs lacking HMPs, and BMP-2 release in vivo was faster than what was predicted in silico. Although the computational model was developed using parameters determined through in vitro and in vivo experiments ([@R32]), the idealized in vivo environment simulated by the model may not have captured all of the elements of the system that could accelerate BMP-2 release kinetics, including changes in material properties caused by cell infiltration and early degradation of the alginate hydrogel, interstitial fluid flow, and competitive binding of other proteins to HMPs in the in vivo injury environment, which has previously only been simulated in vitro using fetal bovine serum (FBS) ([@R21]). A sensitivity analysis of the computational model revealed that order of magnitude changes in input parameters could be required to alter simulated BMP-2 release profiles, further suggesting that additional factors not included in this analysis may play a crucial role. Moreover, although the model simulated BMP-2 binding sites as being evenly distributed through the alginate hydrogel, in reality, individual HMPs would be focal points of many concentrated BMP-2 binding sites; thus, reducing the number of HMPs by 10-fold may have also decreased the probability of BMP-2 molecules rebinding to other HMPs while diffusing through the alginate hydrogel. Thus far, there are few mathematical models of protein release from biomaterials, which mainly focus on predicting in vitro release profiles ([@R41], [@R42]). Future model development could consider additional factors (hydrogel degradation, interstitial fluid flow, etc.) to more accurately predict BMP-2 release in an in vivo injury environment.

In this study, BMP-2 release was evaluated from constructs implanted subcutaneously. This was motivated, in part, by a previous study, in which comparable release of radiolabeled BMP-2 was observed between scaffolds implanted in subcutaneous and femoral defect environments, with \~50% of the growth factor being released in the first 21 days and detectable signal present for 56 days ([@R17]). Differences in BMP-2 release profiles between this study and our own may be attributed to the different scaffolds and sensitivity of detection methods used. Furthermore, the differences in cellular and molecular makeup of the implantation sites could have contributed to an altered BMP-2 release profile in the femoral defect environment in our study.

We observed considerable heterotopic bone formation in femoral defects treated with high-dose BMP-2 without HMPs, similar to what has been reported previously in this model ([@R36]). Previous studies have demonstrated that neither the clinical collagen sponge nor alginate/PCL tissue-engineered construct could mitigate heterotopic ossification at high BMP-2 doses ([@R36]). However, in this study, the inclusion of 0.1 and 1 mg of HMPs in this tissue-engineered construct markedly reduced heterotopic ossification by 40 and 34% at 4 weeks and by 46 and 47% at 12 weeks, respectively. The proportion of bone within the defect increased correspondingly, and the total bone volume was similar between groups at each time point, indicating that HMPs influenced the spatial distribution of regenerated bone without affecting overall bone volume.

The improvements in BMP-2 release kinetics and mineral distribution caused by HMP delivery did not negatively affect overall bone quality, as indicated by the strength, mineral density, and morphology of regenerated bone. Although more exuberant heterotopic ossification in the femoral defect may be expected to result in higher torsional strength, torsional stiffness and maximum torque were comparable between groups and similar to that of intact femurs. Furthermore, Safranin O/Fast Green and H&E staining demonstrated similar areas of mature bone and cell infiltration in all groups, with no abnormal fibrous tissue or cyst-like structures, which have been observed in rodent and canine models with collagen sponge delivery of high BMP-2 doses ([@R36], [@R43]). Residual alginate was observed in all defects, and intact HMPs were observed in HMP-containing defects; these materials were interspersed between areas of mature bone, suggesting that their slow degradation did not restrict adjacent bone formation.

This study demonstrated a simple method of tuning BMP-2 release from tissue-engineered constructs through the controlled addition of affinity-based interactions between BMP-2 and a heparin-based material. While affinity-controlled release of proteins has been demonstrated in other studies, the dose dependency of growth factor--binding ligand interactions is not often investigated. A similar approach has been reported using the electrostatic interactions between negatively charged poly(lactic-co-glycolic acid) (PLGA) nanoparticles and positively charged growth factors, in which different amounts of PLGA nanoparticles were incorporated into bulk hydrogels, resulting in a dose-dependent delay in growth factor release ([@R44]). While effective in vitro, this approach relies on predictable degradation of PLGA nanoparticles to control growth factor release, which may be altered in the in vivo injury environment, in which pH and presence of soluble factors could vary over time.

The computational model was crucial in identifying key parameters affecting BMP-2 release and suggested that order of magnitude changes in HMP amounts were necessary to change release rates; however, the range of release profiles observed was not as wide as what was predicted in silico. Furthermore, the spatial distribution of regenerated bone was similar between both HMP-containing groups. It is possible that a threshold of BMP-2 retention within the defect is needed to reduce heterotopic ossification, and both 0.1 mg and 1 mg of HMPs achieve retention beyond this threshold. This could also be due to a variety of other reasons that warrant future investigation, including that different amounts of HMPs could influence the calcium-mediated cross-linking of the alginate hydrogel and that the density of BMP-2 bound to HMPs may affect protein presentation to cells, which has been previously observed in vitro with skeletal myoblast responses to BMP-2 ([@R23]). To control for differences in alginate cross-linking and heparin density, equivalent numbers of HMPs with varying heparin content (1 to 10%) could be incorporated into alginate/PCL constructs ([@R22]).

Previous studies have demonstrated bone formation with the addition of heparin chains into fibrin ([@R13]), collagen ([@R45]), alginate ([@R25]), and PLGA ([@R24]) scaffolds for BMP-2 delivery. Simple noncovalent adsorption of heparin onto collagen sponge scaffolds did not enhance BMP-2--mediated bone repair ([@R45]), motivating the use of more complex, covalent heparin immobilization strategies, including 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/*N*-hydroxysuccinimide (NHS) coupling and photo-cross-linking ([@R24], [@R25]). While these strategies have improved BMP-2--mediated bone formation in vivo, none of these studies have extensively investigated the dose dependency of heparin addition to biomaterials on bone formation, which can be easily considered in our system by changing the number of HMPs. It is also unlikely that diffuse heparin chains would confer the same benefits of high-density BMP-2 clustering provided by HMPs. Furthermore, while many heparin-based materials have been used to deliver low BMP-2 doses relevant to rodent models of bone repair, HMPs are the first heparin-based biomaterial investigated for local retention of clinically relevant, supraphysiological doses of BMP-2 and the first heparin-based biomaterial to achieve significant reduction in associated heterotopic ossification.

Ultimately, HMPs present a versatile platform to tune BMP-2 release from a bulk scaffold and can be easily incorporated into other hydrogels at multiple doses. This strategy also allows for the incorporation of HMPs containing different amounts of heparin (1--100%), which can be individually loaded with different heparin-binding proteins, enabling multiple growth factor delivery with tunable release kinetics. Given that the large burst release of BMP-2 from current delivery vehicles is a key limitation hindering the safety and efficacy of clinical BMP-2 treatment, HMPs provide a promising opportunity to improve the safety profile of scaffold-based BMP-2 delivery vehicles, such as the clinically used collagen sponge.

MATERIALS AND METHODS
=====================

Study design
------------

The goal of this study was to create a scaffold for BMP-2 delivery that could robustly heal large bone defects while improving spatial localization of the protein and reducing heterotopic ossification. These objectives were addressed by first screening delivery conditions in silico to determine HMP concentrations necessary to improve BMP-2 retention and then demonstrating both improved BMP-2 retention and spatial localization of bone formation in vivo. Sample numbers for each experiment were determined using power analyses of preliminary experiments and are included in the figure legends and table S2. Subcutaneous placement of alginate/PCL constructs was randomized by location, and femoral defect treatments were randomly assigned to each surgeon. Investigators were blinded for all in vivo*/*ex vivo analyses, including In Vivo Imaging System (IVIS) imaging, micro-CT, x-ray radiography, mechanical testing, and histology.

HMP fabrication and loading
---------------------------

HMPs were fabricated by cross-linking heparin methacrylamide in a water-in-oil emulsion using ammonium persulfate (APS) and *N*,*N*,*N*′,*N*′-tetramethylethane-1,2-diamine (TEMED), as previously described ([@R23]). Recombinant human BMP-2 (R&D Systems) was labeled with an amine-reactive near-infrared dye (VivoTag 750, PerkinElmer) ([@R32]). For BMP-2 tracking studies, 0.1 or 1 mg of lyophilized HMPs was mixed with 2.5 μg of fluorescently labeled BMP-2 (R&D Systems) in 25 μl of 0.1% rat serum albumin (RSA) in 4 mM HCl and rotated at 4°C for 16 hours. For bone defect studies, 0.1 or 1 mg of HMPs was loaded with 30 μg of BMP-2 (Pfizer) in a similar manner.

In vitro bioactivity of BMP-2--loaded HMPs
------------------------------------------

Samples (0.1 mg) of 10 batches of microparticles made from six batches of heparin methacrylamide were loaded with 50 ng of BMP-2 (R&D Systems) to evaluate the consistency of BMP-2 binding. To measure BMP-2 bioactivity, 0.1 mg of unloaded HMPs, 0.1 mg of BMP-2--loaded HMPs, or an equivalent amount of soluble BMP-2 was cultured with skeletal myoblasts (C2C12; 62,500 cells/cm^2^) for 72 hours followed by cell lysis. Cell lysate was incubated with *p*-nitrophenyl phosphate to determine ALP activity or fluorescent double-stranded DNA-binding dye (QuantiFluor dsDNA System, Promega) to determine DNA content.

Fluorescence labeling of BMP-2
------------------------------

Recombinant human BMP-2 (R&D Systems) was labeled with a near-infrared fluorophore containing an NHS ester (VivoTag 750, PerkinElmer) for in vivo tracking of BMP-2 release from tissue-engineered constructs. BMP-2 was dissolved in 100 mM NaPO~4~ at 100 μg/ml and mixed with six times molar excess of VivoTag 750. The reaction proceeded in the dark at room temperature for 4 hours. Excess fluorophore was removed by dialysis using a Slide-A-Lyzer MINI Dialysis Device (Thermo Fisher Scientific) with a 3.5-kDa molecular weight cutoff. Labeled BMP-2 was stored at −80°C.

Tissue-engineered construct fabrication
---------------------------------------

RGD-functionalized, irradiated alginate \[2% (w/v); FMC BioPolymer\] was dissolved in equal amounts of α--minimum essential medium (α-MEM) and 0.1% RSA in 4 mM HCl for 4 hours at room temperature ([@R18], [@R32]). HMPs (0.1 or 1 mg) were loaded with 2.5 μg of fluorescently labeled BMP-2 for subcutaneous implantation or 30 μg of BMP-2 for implantation in femoral defects. Then, soluble BMP-2, 0.1 mg of BMP-2--loaded HMPs, or 1 mg of BMP-2--loaded HMPs was mixed into 150 μl of alginate using two 1-ml syringes connected by a Luer-Lock syringe connector (Cole Parmer). Alginate was cross-linked by mixing in a similar manner with excess calcium sulfate (8.4 mg/ml) until the appearance was uniform and stored overnight at 4°C.

PCL nanofiber mesh tubes were fabricated as previously described ([@R18], [@R32]). PCL \[12% (w/v)\] was dissolved in a 90:10 solution of hexafluoro-2-propanol/ dimethylformamide overnight. Approximately 5 to 6 ml of PCL solution was electrospun onto a static collector covered in aluminum foil, creating a 0.5-mm-thick mesh sheet. Perforated rectangular sheets were laser cut from meshes (12 mm by 19 mm; 0.9-mm-diameter holes), rolled into tubes \[4.5 mm (inner diameter) by 12 mm (length)\], and glued using an ultraviolet curing adhesive (Dymax, Torrington, CT). Mesh tubes were disinfected in 70% ethanol and then immersed in α-MEM for at least 16 hours before use.

For subcutaneous implantation, 150 μl of alginate hydrogel containing BMP-2 or BMP-2--loaded HMPs was injected into perforated PCL nanofiber mesh tubes before implantation. For femoral defect implantation, empty mesh tubes were placed in the defect and filled with 150 μl of BMP-2--loaded alginate hydrogel.

BMP-2 release and diffusion model
---------------------------------

A computational model of in vivo BMP-2 release from tissue-engineered constructs was developed using COMSOL Multiphysics Software (version 5.2a) ([@R32]). The three-dimensional bone defect and surrounding tissue were modeled as two nested rectangles in a two-dimensional, axisymmetric modeling domain ([Fig. 2A](#F2){ref-type="fig"}). Thus, the subdomains consisted of (i) the alginate hydrogel within the bone defect and (ii) the surrounding thigh tissue. The reaction engineering physics module was used to model the interactions between BMP-2 and HMPs, while the transport of dilute species physics module was used to model BMP-2 diffusion through the alginate hydrogel and into surrounding tissue. Equations for BMP-2 diffusion and interactions with HMPs were based on Fick's laws of diffusion and simple binding kinetics ([@R46]) and have been described in our previous publication ([@R32]).

The parameters used for the COMSOL simulations are described in table S1. The effective diffusion coefficient of BMP-2 through the alginate hydrogel (*D~BMP,\ Alginate~*) was determined on the basis of in vitro BMP-2 diffusion through 2% (w/v) alginate hydrogels in capillary tubes ([@R47]). The effective diffusion coefficient of BMP-2 through the perforated nanofiber mesh tube and surrounding tissue (*D~BMP,\ Tissue~*) was approximated on the basis of fluorescent BMP-2 tracking in the bone defect site ([@R35]). The number of BMP-2 binding sites on HMPs was calculated using an experimentally determined maximum binding capacity of HMPs (300 μg BMP-2/mg HMPs) ([@R23]). The release of BMP-2 from HMPs in 100% FBS was used to calculate rate constants to describe BMP-2--HMP interactions in simulated in vivo conditions. Rate constants were initially chosen on the basis of BMP-2 binding to unmodified heparin (*K~d~* = 20 nM, *k~on~* = 5.1 × 10^−4^ 1/nM⋅s, and *k~off~* = 0.01 1/s) ([@R1]) and subsequently adjusted for HMPs using a COMSOL model of in vitro BMP-2--HMP interactions in FBS ([@R21]), which revealed that a higher dissociation rate constant than that of unmodified heparin was necessary to accurately model the experimental results (*K~d~* = 50 nM, *k~on~* = 5.1 × 10^−4^ 1/nM⋅s, and *k~off~* = 0.025 1/s).

A sensitivity analysis was performed by varying several critical parameters by ±2.5-, 5-, or 10-fold: (i) the dissociation constant describing BMP-2 and HMP binding, (ii) the diffusion coefficient through tissue, and (iii) the diffusion coefficient through the alginate hydrogel ([@R47]).

Subcutaneous implant surgery
----------------------------

All surgical procedures were conducted according to the Georgia Institute of Technology Institutional Animal Care and Use Committee protocols. For in vivo BMP-2 tracking studies, alginate/PCL constructs were subcutaneously implanted into the backs of 13-week-old female SASCO Sprague-Dawley rats (Charles River Laboratories) using a metal rod and cannula (four constructs per rat) ([@R32]). Constructs contained (i) 2.5 μg of labeled BMP-2 in alginate, (ii) 2.5 μg of labeled BMP-2 + 0.1 mg of HMPs in alginate, or (iii) 2.5 μg of labeled BMP-2 + 1 mg of HMPs in alginate.

In vivo BMP-2 tracking
----------------------

In vivo and ex vivo fluorescence imaging (excitation, 745; emission, 800; 5 s) was performed using an IVIS Spectrum platform (PerkinElmer). Longitudinal in vivo imaging was performed immediately following subcutaneous implantation on day 0, as well as on days 1, 4, 7, 10, 14, and 21. Total fluorescent counts and radiant efficiency were evaluated using a 7-cm^2^ elliptical region of interest in Living Image Software (PerkinElmer). Normalized fluorescent signal over time was fit to a one-phase exponential decay equation (*y* = *ae*^−λ*x*^) in MATLAB to obtain the decay constant, λ. Constructs were also ex vivo imaged after 21 days.

Femoral defect surgery
----------------------

Unilateral femoral bone defects were created and treated as previously described in 13-week-old female SASCO Sprague-Dawley rats ([@R18]). A polysulfone and stainless steel fixation plate was screwed onto the femur of the rat, and an 8-mm-wide, full thickness defect was created using an oscillating saw. A PCL nanofiber mesh tube was placed around the exposed bone ends, and 150 μl of calcium--cross-linked alginate hydrogel, containing (i) 30 μg of BMP-2, (ii) 30 μg of BMP-2 + 0.1 mg of HMPs, or (iii) 30 μg of BMP-2 + 1 mg of HMPs, was injected into the lumen of the mesh tube through perforations in the PCL mesh tube using an 18-gauge (0.84 mm) needle.

Radiography and micro-CT
------------------------

Longitudinal radiographs were obtained at 4, 8, and 12 weeks after surgery (Faxitron MX-20, 23 kV, 15 s). Micro-CT was performed at 4, 8, and 12 weeks after surgery using a VivaCT40 live animal scanner (Scanco) at medium resolution with a voxel size of 38.5 μm, voltage of 55 kVp, and a current of 109 μA. Mineral was quantified within the central 5.85 mm (152 scan slices) of each 8-mm defect as total bone volume, defect bone volume (6-mm-diameter contours), and heterotopic bone volume. A global threshold for new bone formation was set at 50% of the average mineral density of native cortical bone based on previous studies ([@R35], [@R36]) and visual analysis of multiple CT scan slices to ensure that this threshold captured new bone formation while avoiding detection of the fixation plate, PCL mesh tube, and surrounding soft tissue.

Biomechanical testing
---------------------

The ends of the femurs were potted in molten Wood's metal (Alfa Aesar) in custom holders, allowed to solidify, and mounted in the test clamps. Torsion was applied at a rate of 3°/s until failure on a uniaxial torsion testing system (EnduraTEC ELF200, Bose), allowing for the determination of maximum torque and calculation of torsional stiffness, using the slope of the linear segment of the torque-rotation curve.

Histology
---------

Representative femurs isolated 12 weeks after surgery were fixed in 10% neutral-buffered formalin at 4°C for 48 hours. Femurs were decalcified and embedded in paraffin wax by HistoTox Labs Inc. Mid-sagittal sections (5 μm) of the defects were stained with Safranin O/Gill's hematoxylin, Safranin O/Fast Green, and H&E.

Statistical analyses
--------------------

Statistical analyses were performed using GraphPad Prism (version 7.0), and all data are reported as means ± SEM. Statistical significance was determined using one-way or two-way analysis of variance (ANOVA) as appropriate, followed by Bonferroni's post hoc analysis. For data that did not satisfy the assumptions of equal variances and Gaussian distributions ([Fig. 3F](#F3){ref-type="fig"}), the nonparametric Kruskal-Wallis test was used, followed by Dunn's multiple comparisons test. *P* \< 0.05 was considered statistically significant. Normalized fluorescent signal ([Fig. 3E](#F3){ref-type="fig"}) was fit to a one-phase exponential decay equation using MATLAB 2015a.
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